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ABSTRACT 

We present the discovery of eight quasars at z ^ 6 identified in the Sloan Digital Sky Survey (SDSS) 
overlap regions. Individual SDSS imaging runs have some overlap with each other, leading to repeat 
observations over an area spanning >4000 deg^ (more than 1/4 of the total footprint). These overlap 
regions provide a unique dataset that allows us to select high-redshift quasars more than 0.5 mag 
fainter in the z band than those found with the SDSS single-epoch data. Our quasar candidates were 
first selected as Uband dropout objects in the SDSS imaging database. We then carried out a series of 
follow-up observations in the optical and near-IR to improve photometry, remove contaminants, and 
identify quasars. The eight quasars reported here were discovered in a pilot study utilizing the overlap 
regions at high galactic latitude (|5| > 30 deg). These quasars span a redshift range of 5.86 < z < 6.06 
and a flux range of 19.3 < zab < 20.6 mag. Five of them are fainter than zab = 20 mag, the typical 
magnitude limit of z ^ 6 quasars used for the SDSS single-epoch images. In addition, we recover eight 
previously known quasars at z ^ 6 that are located in the overlap regions. These results validate our 
procedure for selecting quasar candidates from the overlap regions and confirming them with follow-up 
observations, and provide guidance to a future systematic survey over all SDSS imaging regions with 
repeat observations. 

Subject headings: cosmology: observations — quasars: general — quasars: emission lines 


1. INTRODUCTION 

High-redshift quasars provide a powerful to ol to study 
the early universe . The first z ^ 6 quasars le.g. lFan et al.l 
I2OOILI2003L1200411 were found b v the Sloan Digital Sky 
Survey (SPSS: lYork et al1l2000ll . Most of these quasars 
are very luminous (M1450 < —26 mag). Deep near- 
IR spectroscopy has shown that these quasars harbor 
billion-solar-mass black holes and emit near the Ed¬ 
dington limit, suggesting the rapid growth of central 
black holes in th e early epoch (e.g. Ijiang etahl l2007t 
iKurk et ^ 120071) . Their broad emission lines exhibit 
solar or supersolar metallicity, indicating that vigorous 
star formation and el ement enrichment have occurred in 
the host galaxies (e.g . I.Iiang et 'mi2007t IKurk et ^l2007t 
iDe Rosa et al.l [20111 1. Their optical absorption spectra 
show that the state of the intergalactic medi um (IGM) 
at z ^ 6 is close to the reionization epoch (e.g. iFan et al.l 
l2006bl : iGarilli et al.l 120101: iMcGreer et al.l 1201 ill . Fur- 
thermore, the mid/far-infrared, mm/sub-mm, and radio 
observations of these quasars have provided rich infor¬ 
mation about dust emission and star formation in their 
host galaxies (e.g . iWalter et al.l [200^ iJiang et aP 120101 : 
IWang et aljl20liL 1201311 . Therefore, z > 6 quasars are 
essential to understanding black hole accretion, galaxy 
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evolution, and the IGM state in the first billion years of 
cosmic time. 

In recent years, more than 70 quasars at z ^ 6 have 
been discovered. The SDSS pioneered quasar studies 
at these redshifts, followed by the Ganada-France High- 
redshift Quasar Survey (GFHQS; iWillott et al.l 1200511 
and the UKIRT ^ frared Deep Sky Survey (UKIDSS; 

I Warren et al.11200711 . To date ^30 quasars have been 
discovered i n the main i maging survey (e.g. iFan et ahl 
I2OOIL I2003L 12004. I2006all an d the Stripe 82 deep sur¬ 
vey l| Jiang et al.l 20081 1200911. The UK I DSS has found 
several qua sars (iVenemans et al.l 120071 : iMortlock et al.l 
120091 I2OIIII . including the inost d istant quasar known 
at z = 7.08 (|Mortlock et al.1 [20111 1. The GFHQS pro- 
duced 20 quasars down to a fa inter luminosity limit 
(IWillott et all [2fl?r7i l2?M [2013). Most recently, two 
large surveys, the Panoramic Survey Telescope & Rapid 
Response System 1 (Pan-STARRSl) and the Visible and 
Infrared Survey Telescope for Astronomy (VISTA) Kilo- 
Degree Infrared Galaxy (VIKING) survey have started 
to yield high-redshift quasars. Pan-STARRSl is sen¬ 
sitive mainly to brighter quasars than SDSS but over 
a much larger area, and >10 new q uasars at z ^ 6 
have been published from this survey (|Morganson et all 
I2OI2I : iBafiados et al.l 1201411. including three quasars at 
6.5 < z < 6.7 (jVenemans et mi201,^ . VIKING data 
have also been used to discover three quasars at z > 6.5 
(jVenemans et al.l 120131 1. The number of high-redshift 
known quasars is increasing steadily. 

In this paper we introduce a new method for finding 
z ~ 6 quasars by using regions with overlapping imaging 
in the SDSS. The SDSS imaging survey was conducted in 
drift scan mode along great circles, and the imaging runs 
usually overlap with each other due to the survey geom¬ 
etry and strategy. This results in multiple observations 
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of individual sources within the overlap regions. About 
one-quarter of the sky area covered by the SDSS has 
multiple imaging coverage. These overlap regions allow 
us to select quasars that are fainter than those found in 
the SDSS single-epoch images. They ensure that quasar 
candidates are free of spurious detections (such as cos¬ 
mic rays), which is particularly useful for objects with 
single-band (z-band in this paper) detections. Here we 
report eight new quasars found in our first search of z ^ 6 
quasars in the overlap regions. These quasars are ^0.5 
mag fainter than the quasars selected from SDSS single¬ 
epoch data. 

The layout of the paper is as follows. In Section 2 we 
briefly describe the SDSS overlap regions. In Section 3 we 
introduce our quasar selection procedure and follow-up 
observations. We present the new quasars in Section 4, 
and summarize the paper in Section 5. Throughout the 
paper SDSS magnitudes are reported on the AB system 
instead of the asinh system (|LuDton et al.lll99^ . and all 
near-IR magnitudes are on the Vega system. We use a A- 
dominated flat cosmology with Hq = 70 km s“^ Mpc“^, 
Qm = 0.3, and Ha = 0.7. 

2. SDSS OVERLAP REGIONS 

In this section we describe the SDSS overlap regions, 
the regions that were scanned by two or more SDSS 
imaging runs. The SDSS imaging survey was carried 
out in drift-scan mode using a 142 mega-pixel camera 
(jGunn et al.l 119981 . 1200611 . An SDSS run (strip) consists 
of 6 parallel s canlines (camera colu mns) for each of five 
ugriz bands (iFukugita et al.l 1199611 . The scanlines are 
13f5 wide with gaps of roughly the same width, so two 
interleaving strips make a stripe. SDSS scanlines are di¬ 
vided into fields, and a field is the union of five ugriz 
frames covering the same region of sky. Processing of 
individu al runs includes assessments of the photometric 
quality (llvezic et al.ll2004 iHogg et al.ll2001ll . 

The SDSS imaging runs generally overlap each 
other, due to the survey geometry and strategy 
((Stoughton et al.l l2002fl . The imaging survey in drift- 
scan mode was along great circles, and had two common 
poles at [R.A., Deck] = [95°, 0°] and [270°, 0°]. The 
fields overlap more substantially when they approach the 
survey poles (Figure I). In addition, the two interleav¬ 
ing strips that make any stripe slightly overlap, leading 
to duplicate observations in a small area. Furthermore, 
if the quality of a run, or part of a run, did not meet 
the SDSS standard criteria, the relevant region of this 
run was re-observed, yielding duplicate observations in 
this region. Obviously, a combination of the above rea¬ 
sons may result in more than two observations in some 
regions. 

The upper panel in Figure I shows the coverage of the 
SDSS overlap regions at high galactic latitude |6| > 30°. 
The SDSS deep stripe. Stripe 82, has bee n excluded, 
because it has much dee per co-added data (iJiang et al.l 
|20I4 lAnnis et al.l I20I4I1 . The data points represent 
bright (19.0 < r < 19.1) point sources with at least two 
observations. In the lower panel of the figure, the cov¬ 
erage map is zoomed in to an area of R.A. = 180°-220° 
and Deck = 20°-40°, where the data points are point 
sources with 19 < r < 20. We estimated the total area 
of the overlap regions in the upper panel by calculating 
the area occupied by the actual data points. The sources 
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Figure 1. Upper panel: coverage of the SDSS overlap regions 
at high galactic latitude \b\ > 30. Stripe 82 has been excluded. 
The data points represent bright (19.0 < r < 19.1) point sources 
with at least two SDSS observations. Lower panel: a closer look 
at an area of R.A. = 180°—220° and Deck = 20°-40°. The data 
points represent point sources with 19 < r < 20. We can clearly 
see individual scanlines. 

we used are point sources with 19 < r < 21. We divided 
the R.A.-Deck plane into small grid elements, where 
each element measures 0.05° at a side. If a grid element 
contains more than one object, it was assumed to be cov¬ 
ered by the overlap regions. The total area by summing 
the area of all selected grid elements is 3700 square de¬ 
grees. This rough estimate is accurate to roughly 10%, 
and could be improved by using more sources and by 
refining grid elements. We leave this for a future work. 
The total area of all SDSS overlap regions, including low 
galactic latitude |6| < 30°, is more than 4000 square de¬ 
grees. 

For a given source in the overlap regions, the SDSS 
pipeline selects one detection as a ‘primary’ detection 
from a ‘primary’ run/field. Additional detections are 
classified as ‘secondary’. The primary runs/fields are 
generally deeper due to better image quality in terms of 
seeing, sky background, atmospheric transparency, etc. 
Figure 2 illustrates the difference between primary and 
secondary detections in the z band. The sources used in 
the hgure are point sources with z < 21 mag, selected 
from the overlap regions displayed in the lower panel of 
Figure 1 (R.A. = 180°-220° and Deck = 20°-40°). The 
upper panel of Figure 2 shows photometric errors versus 
z-band magnitude. The shaded regions include central 
68% of the sources at any magnitude. They indicate that 
primary detections have slightly better data quality than 
secondary detections. This is also suggested by the three 
lower panels, which show the distribution of photometric 
errors in three different magnitude bins. Compared to 
primary detections, the distribution of errors for the sec¬ 
ondary detections has a longer tail towards greater errors. 
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Figure 2. Comparison between primary and secondary detections 
in the 2 band. The sources used in the figure are point sources with 
2 < 21 mag, selected from the overlap regions displayed in the lower 
panel of Figure 1 (R.A. = 180°-220° and Decl. = 20°~40°). The 
upper panel shows photometric errors versus 2 -band photometry. 
The shaded regions include central 68% sources at any magnitude. 
They indicate that primary detections have slightly better data 
quality than secondary detections. The three lower panels show the 
distribution of photometric errors at three different magnitudes. 
Compared to primary detections, secondary detections have longer 
distribution tails towards larger errors. 

Therefore, a secondary detection does not always signif¬ 
icantly improve the photometry of a source. However, it 
generally rules out the possibility that its primary detec¬ 
tion is a false detection. This is particularly important 
for single-band detected sources, such as z > 6 quasars. 

3. QUASAR CANDIDATE SELECTION AND FOLLOW-UP 
OBSERVATIONS 

In this section we present the details of our candi¬ 
date selection and spectroscopic identification of z ~ 6 
quasars in the SDSS overlap regions. The selection proce¬ 
dure is similar to the procedures that were use d to select 
SPSS z ^ 6 quasars in prev i ous s tudies (e.g. iFan et ahl 
l200lL[200^lJiAg et al.ll200M 1200911 . The procedure con¬ 
sists of several steps as shown in the following subsec¬ 
tions. 

3.1. Selection of i-band Dropout Objects 

We start with SDSS Data Release 9 (DR9) ‘primary’ 
sources at high galactic latitude |6| > 30°, by using the 
‘photoPrimary’ table with the SDSS Query/CasJobs on¬ 
line server, excluding Stripe 82. The ‘photoPrimary’ ta¬ 
ble includes both point and extended sources. Although 
distant quasars are point-like objects in ground-based im¬ 
ages, faint point-like objects could be mis-classified as ex¬ 
tended objects (and vice versa); thus we include extended 
objects. We then remove sources with critical SDSS pro¬ 
cessing flags such as BRIGHT, EDGE and SATUR. For 
each source, we searched for ‘neighbors’ (‘secondary’ de¬ 
tections from different runs) within a 0"5 radius. All 
matched pairs are considered to be multiple observations 
of the same object. From these dual observations we 
select i-band dropout objects using the following color 


cuts. 


9 > 24.0, 

(1) 

r — z > 3.0, 

(2) 

i- z > 2.2, 

(3) 

and az < 0.155. 

(4) 


These selection criteria are applied to the individual ob¬ 
servations, i.e., each of the dual observations must meet 
the criteria except criterion 4. We require that the pri¬ 
mary detections meet criterion 4 (at least 7a detections), 
and the secondary detections should be detected at a sig¬ 
nificance of > 5tT. In this first step, we obtain a total of 
^550 i-band dropout objects. 

In the previous search of luminous z ~ 6 quasars with 
the SDSS single-epoch images (see Fan et al. papers), the 
magnitude limit was roughly z = 20 (lOcr detections). 
Below I0(T, the number of contaminants in i-dropout 
selection increases dramatically. From single-epoch im¬ 
ages, one would get tens of thousands of i-dropout candi¬ 
dates down to a 7cr threshold, where the vast majority of 
them are spurious objects. Using duplicate observations 
ensures that most of the i-dropout objects we select are 
physical sources. 

We visually inspect the dropouts in the SDSS ugriz 
images, and remove obvious contaminants, such as sus¬ 
picious detections close to very bright stars and ob¬ 
jects that are apparently extended. We reject about 
one-third of the 550 objects in this step. We then re¬ 
move previously known objects, such as L/T dwarfs and 
z ^ 6 quasars. We match our objects to the list of 
known L/T dwarfs from DwarfArchives.org, and find 
51 known dwarfs. We also match the objects to the list 
of i-dropouts that have been spectroscopically identified 
as non-quasars during our previous searches for z ^ 6 
quasars. In addition, we find that 8 objects are pre¬ 
viously discovered quasars at z ~ 6. These quasars are 
summarized in Table 1. They are generally brighter than 
z = 20 mag. After removing these objects, about 250 ob¬ 
jects remain in our candidate list. 

We match the remai ning objects to the 2MASS catalog 
(|Skrutskie et al.l[2006[l and to the catalo g of the UKIRT 
Infra red Deep Sky Survey (UKIDSS; ILawrence et al.l 
l2007f) . We obtain 10 matches from the 2MASS, and 53 
matches from the UKIDSS, providing near-IR photom¬ 
etry for 63 objects. The majority are then rejected as 
quasar candidates based on their location in the z — J 
versus i — z color-color diagram (see section 3.3). This 
leaves a total of 190 i-dropout candidates selected for 
additional observations. 

3.2. Improving the i and z-band Photometry 

The next step is to improve the i and z-band photom¬ 
etry. The majority of the objects have z-band detections 
weaker than lOcr. For these objects we obtained deeper 
i and z band images using the wide-field optical imager 
90Prime on the 2.3m Bok telescope. The typical inte¬ 
gration time was 5 min per object (single exposure) in 
the i band and 3 min per object (single exposure) in 
the z band. The observing conditions for many objects 
were poor-to-moderate with significant moonlight, poor 
seeing, or non-photometric transparency, because most 
of them were observed as backup targets for other pro¬ 
grams. To date we have observed roughly 110 objects. 
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Table 1 

Previously Known Quasars in the SDSS Overlap Regions 


Quasar (SDSS) 

Redshift 

i (mag) 

z (mag) 

Reference 

J000239.40-I-255034.8 

5.80 

21.49±0.12 

21.39±0.13 

18.94±0.05 

18.88±0.05 

Fan et al. 

(20041 

J084119.52-I-290504.4 

5.96 

23.30±0.66 

22.47±0.28 

19.78±0.13 

19.78±0.09 

Goto (20061 

J103027.09-I-052455.0 

6.28 

22.93±0.41 

23.14±0.42 

19.59±0.08 

19.91±0.11 

Fan et al. 

(20011 

J104433.04-012502.1 

5.80 

21.58±0.20 

21.62±0.16 

18.99±0.07 

19.09±0.07 

Fan et al. 

(20001 

J131911.29-1-095051.3 

6.13 

21.79±0.33 

22.69±0.28 

19.35±0.14 

20.07±0.10 

Mortlock et al. f2009') 

J141111.28-1-121737.3 

5.93 

22.91±0.35 

23.49±0.42 

19.55±0.08 

19.56±0.07 

Fan et al. 

(20041 

J162331.81-1-311200.6 

6.22 

> 24 

24.47±0.85 

19.64±0.10 

20.06±0.15 

Fan et al. 

(20041 

J163033.90-I-401209.7 

6.05 

23.42±0.39 

22.69±0.27 

20.33±0.12 

20.14±0.11 

Fan et al. 

(20031 


Note. — The multiple entries for the i and z band photometry are from SDSS 
duplicate observations. 


The QOPrime images were reduced in a standard fash¬ 
ion using our own IDL routines. First we made mas¬ 
ter bias and flat images from bias and flat images taken 
in the same night. A bad pixel mask was created from 
the flat image. Then science images were overscan and 
bias corrected and flat-fielded. Saturated pixels and 
bleeding trails were identified, and incorporated (along 
with the bad mask) into weight images. Next the first- 
round sky subtraction was performed by fitting a low- 
order 2D polynomial function to the background. The 
QOPrime CCDs are thin chips, so they produce strong 
fringing in the i and 0 bands. We removed fringes in 
two iterations. Then another round of sky subtraction 
was performed. We dete cted objects using SExtractor 
(jBertin fc Arnoutslll996ll and calc ulated astrometric so¬ 
lutions using SCAMP ( BertinI [200611 by matching objects 
to the SDSS. Photometry was measured within an aper¬ 
ture (diameter) size of 8 pixels (^ 3"6) and calibrated by 
matching a large number of nearby bright point sources 
to the SDSS. 


With the improved i and z band photometry, we re¬ 
jected objects with relatively blue i — z colors. The 
QOPrime i and z filters are slightly redder than the SDSS 
i and z filters. Depending the strength of Lya emission, 
quasars at 5.7 < z < 6.0 could have much bluer i — z 
colors in the QOPrime system. We rejected objects with 
i — z< 1.8 (in the OOPrime system), instead ofi — z < 2.2 
(in the SDSS filter system) that was used in our previ¬ 
ous studies. This is similar to th e color cut used by the 
CFHQS fe.g.. IWillott'enillM)! . 


3.3. Near-IR Photometry and Optical Spectroscopy 

The next step is to obtain near-IR (J and/or Y band) 
photometry. We excluded objects that already have J- 
band photometry from the 2MASS or the UKIDSS (sec¬ 
tion 3.1). Near-IR observations fo r the other objects were 
obtained with the MMT SWIRC (jBrown et al.H200^ and 
the KPNO 4m NEWFIRM. The objects were observed 
as backup targets for other programs, so the observing 
conditions were usually poor. The exposure time per 
object was between 3 and 10 min. We have observed 
roughly 40 objects to date. The near-IR images were 


reduced using standard IRAEQ routines. The near-IR 
photometry is used to separate quasars from late-type 
dwarf stars, which are the primary contaminants in i- 
dropout searches, as mentioned earlier. Stars can be re¬ 
jected based on the z — J versus i — z color-co lor diagram; 
a more deta iled description can be found in IJiang et al.l 
In short, we use the following criterion to 
further select quasar candidates, 

z-J< 0.5(i-z)-p0.5. (5) 

In the final step we conducted optical spectroscopy to 
identify quasar candidates using the MMT Red Chan¬ 
nel spectrograph. We have observed about 10 candi¬ 
dates, preferentially choosing candidates with UKIDSS 
photometry in the Y and J bands. The Y — J color is 
one of the best criteria for separating z ^ 6 quasars L and 
T dwarfs. The MMT observations were made in long-slit 
mode with a spectral resolution of ^10 A. The exposure 
times for each target were 5-10 min, sufficient to classify 
our candidates as quasars under normal weather condi¬ 
tions. If a target was identified as a quasar immediately 
after its first spectrum was obtained, additional 5 or 10 
min exposures were taken to improve the spectral quality. 
Two quasars were identified with poor observing condi¬ 
tions, and their additional spectra were taken one year 
later. The spectra of one quasar (SDSS J0842-I-1218) was 
obtained with Keck/ESI. The spectra were reduced us¬ 
ing standard IRAF routines. In total we identified eight 
new quasars from the optical spectroscopic observations. 

4. RESULTS AND DISCUSSION 
4.1. Discovery of Eight New Quasars at z ^ 6 

In this section we present the discovery of eight new 
quasars at z ~ 6. Table 2 lists the coordinates, red- 
shifts, and optical and near-IR photometry of the new 
quasars. The naming convention for SDSS sources is 
SDSS JHHMMSS.SSiDDMMSS.S, and the positions 

^ IRAF is distributed by the National Optical Astronomy Ob¬ 
servatory, which is operated by the Association of Universities for 
Research in Astronomy (AURA) under cooperative agreement with 
the National Science Foundation. 



























5 


Table 2 

Eight New Quasars in the SDSS Overlap Regions 


Quasar (SDSS) 

Redshift 

i (mag)^ 

2 (mag)^ 

MODI' 

Y (mag) 

J (mag) 

J000825.77-062604.6 

5.929±0.003 

23.91±0.65 

20.04±0.15 

53997 


19.43±0.13 



24.04±1.03 

19.55±0.13 

55120 





22.85±0.25 

20.35±0.09 

56561 



J002806.57-1-045725.3 

6.04±0.03 

22.73±0.27 

20.30±0.14 

54742 

19.59±0.09‘' 

19.16i0.12'' 



>24 

20.42±0.22 

54764 





24.00±0.50 

20.49±0.10 

56560 



J014837.64-I-060020.0 

5.923±0.003 

22.25±0.18 

19.31±0.06 

53655 

18.91±0.06‘' 

18.37i0.07'' 



22.09±0.22 

19.35±0.08 

53654 



J084229.43-I-121850.5 

6.055±0.003 

23.31±0.39 

19.56±0.08 

53441 


18.84i0.03 



23.43±0.72 

19.46±0.12 

53684 



J085048.25-1-324647.9 

5.867±0.007 

24.25±0.78 

20.34±0.16 

52664 


18.90i0.10 



23.66±0.52 

20.39±0.15 

52664 






19.95±0.08 

56369 



J120737.43-I-063010.1 

6.040±0.003 

22.70±0.29 

20.16±0.12 

52338 

19.51±0.09‘' 

19.35i0.14'' 



23.49±0.61 

20.17±0.16 

52435 





>23.5 

20.39±0.11 

56370 



J125757.47-I-634937.2 

6.02±0.03 

24.91±0.84 

20.20±0.15 

51987 

20.39±0.16 

19.78i0.08 



23.55±0.54 

20.29±0.14 

51633 





23.50±0.40 

20.60±0.12 

56394 



J140319.13-1-090250.9 

5.86±0.03 

22.53±0.23 

20.17±0.14 

52757 

19.70±0.12‘' 

19.17i0.10'' 



23.01±0.32 

20.26±0.13 

52345 





22.73±0.22 

20.48±0.11 

56394 




^ The first two entries for each quasar were from the SDSS, and the third entry (if there is one) was from 

the Bok 90Prime. 

^ MJD for the i and 2 :-band photometry. 

Photometry from the UKIDSS. 

are expressed in J2000.0 coordinates. We use SDSS 
JHHMMibDDMM (or JHHMM in figures) for brevity. 

The new quasars span a relatively narrow redshift range 
of 5.86 < 2 : < 6.06. The redshifts were mostly mea¬ 
sured from several emission lines including Lya, O i 
A1304 (hereafter Oi), Cii A1335 (hereafter Cii), and 
Si IV A1396 (hereafter Siiv), by fitting a Gaussian profile 
to the top 20 ^ 50% of these lines. Three quasars do not 
show apparent line emission in their optical spectra, so 
their redshifts were measured from the wavelength where 
the sharp flux decline occurs. They are discussed in more 
detail in the next subsection. The redshift errors quoted 
in Table 2 include the uncertainties from our fitting pro¬ 
cess and wavelength calibration. They do not include 
any possible velocity shifts between these lines and sys¬ 
temic redshifts. For the quasars without apparent line 
emission, we adopted a redshift error of 0.03, correspond¬ 
ing to the scatter in the rel ation between Lya redshifts 
and systemic redshifts fe.g. iShen et al.l 1200711 . Two of 
the quasars (SDSS J0148-f0600 and SDSS J1207-I-0630) 
were independently discovered by S. Warren et al. (in 
preparation). 

In Table 2, there are multiple entries for the i and z 
band photometry. The Hrst two entries for each quasar 
are the duplicate observations from the SDSS, and the 
third one (if present) is the improved photometry from 
Bok 90Prime. Figure 3 shows two examples of the multi¬ 
epoch observations of the quasars SDSS J0008-0626 and 
SDSS J0028-I-0457. In the SDSS observations (Epochs 
I and 2), the two quasars were not (or barely) detected 
in the i band, and were very weak (5 (t — 7cr) in the z 
band. In the Bok 90Prime observations (Epoch 3) they 
are clearly detected in the i band, and have strong de¬ 
tections (> lOcr) in the z band. Note that quasars are 
variable objects with a typical v ariability amplitude o f 
a few tenths of a magnitude (e.g. iMacLeod et al.l[^012D . 


Epoch 1 Epoch 2 Epoch 3 


J0008 (i) 


J0008 (z) 


J0028 (i) 


J0028 (z) 


Figure 3. Multi-epoch observations of SDSS J0008—0626 and 
SDSS J0028-I-0457 in the i and z bands. In the SDSS observations 
(Epoch 1 and 2), the two quasars were not (or barely) detected in 
the i band, and were very weak (5cr — 7cr) in the z band. The new 
Bok OOPrime observations (Epoch 3) clearly detected them in the 
i band, and have strong detections (> lOcr) in the z band. 

SO the difference of the photometry in different entries 
for the same quasar may partially reflect this variability. 
SDSS J0148-h0600 and SDSS J0842-hl218 do not have 
the third entry of the i and z band photometry. They 
are more than lOcr detections in the SDSS observations, 
so we did not take more images for them. The other six 
quasars are weaker than lOcr detections, which was the 
limit in the previous survey of z ~ 6 quasars with the 
SDSS single-epoch images. 
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Figure 4. Optical spectra of the eight quasars. The spectrum of 
SDSS J0842H-1218 was taken from Keck/ESL The spectra of the 
other quasars were taken from the MMT Red Channel Spectro¬ 
graph. Each spectrum has been scaled to match the corresponding 
2 :-band magnitude in Table 1, thereby placed on an absolute flux 
scale. 

The last two columns of Table 2 show the near-IR {Y 
and J) photometry. The Y and J band photometry 
for four quasars was obtained from the UKIDSS. As we 
mentioned in section 3.3, in this first study we preferen¬ 
tially observed candidates with UKIDSS Y and J-band 
photometry. The near-IR photometry of the other four 
quasars was obtained with the MMT SWIRC. 

Figure 4 shows the optical spectra of the quasars. As 
addressed in section 3.3, one quasar (SDSS J0842-I-I2I8) 
was observed with Keck/ESI, and its total integration 
time was 20 min. The other seven quasars were ob¬ 
served with the MMT Red Channel Spectrograph. The 
total integration time per object was from 10 min to 
40 min, depending on the quasar brightness and observ¬ 
ing conditions. Each spectrum in Figure 4 has been 
scaled to match the best corresponding z-band mag¬ 
nitude in Table I, thereby placed on an absolute flux 
scale. These quasars show a diversity of Lya emission. 
For example, SDSS J0008-0626 and SDSS J0842-M218 
have strong Lya emission lines. SDSS J0148-I-0600 and 
SDSS J1207-I-0630 are likely broad absorption line (BAL) 
quasars. SDSS J1257-b6349 and SDSS J1403-1-0902 do 
not show any prominent Lya emission. Quasars with 
weak emission lines like these quasars are not rare at high 
redshift. We have foun d a significant fraction of lineless 
quasa rs at z ^ 6 (e.g. iJiang et 311120091 iBanados et al.l 

[ml . 

Table 3 shows the properties of the quasar continua 


and Lya emission lines. Columns 3 and 4 list mi 45 o and 
Mi 45 o, the apparent and absolute AB magnitudes of the 
continuum at rest-frame 1450 A. They were calculated 
by fitting a power-law continuum fi, ~ v°‘'' to the spec¬ 
trum of each quasar. Our optical spectra only cover a 
short wavelength range in the rest frame (100 ^ 150 A), 
and this range contains several UV emission lines, so we 
were not able to reliably measure the slopes of the con¬ 
tinua. We assumed that the slope is the average quasar 
UV c ontinuum slope Oj, = —0.5 fe.g. IVanden Berk et al.l 
120011) . The power-law continuum was then normalized 
to match visually identified continuum windows with lit¬ 
tle contribution from line emission. After the power-law 
continuum was subtracted from the spectrum, we mea¬ 
sured the rest-frame equivalent width (EW) of the Lya 
emission line, including the N v A1240 (hereafter N v) 
line that is usually blended with Lya. This was done by 
fitting a half Gaussian profile (Lya) and a full Gaussian 
profile (N v) simultaneously to the spectrum redward of 
the Lya line center. We ignored the weak Sill A1262 
emission line on the red side of N v. For the quasars 
without prominent Lya emission, we simply integrated 
flux (instead of Gaussian fitting) above the continuum. 
We did not correct for the flux absorbed by the Lya for¬ 
est. The results are shown in Column 5 in Table 3. These 
measurements are crude due to uncertainties from con¬ 
tinuum measurement, redshift determination, and Lya 
forest absorption. 

4.2. Notes on Individual Objects 

SDSS J0008-0626 (z=5.929). SDSS J0008-0626 has a 
strong Lya emission line. It also shows prominent N V, 
O I, and Si iv emission lines. Its redshift was measured 
from the O i emission line. 

SDSS J0028+0457 (z=6.04). SDSS J0028-f0457 was 
independently discov ered by the Pan-STARRSl survey 
([Banados et al.ll2014il . It does not have prominent emis¬ 
sion lines in the spectrum shown in Figure 4. The red¬ 
shift measured from the weak Lya line peak is 6.09, 
and the redshift measured from the wavelength where 
the sharp flux drop occurs is 6.04. Here we adopt 
6.04. This is sl i ghtly higher than the redshift reported in 
IBanados et al.l (l2014f) (z =5.99). An interesting feature 
is a strong narrow emission line at A = 7580 A. It ex- 
ists in all three indiv idual MMT spectra, as well as the 
IBanados et al.1 (j20I4H spectrum, so it is a real line fea¬ 
ture. It could be a luminous Lya emitter at z = 5.23, 
or an ionized IGM bubble at z = 5.23. Higher resolu¬ 
tion imaging and spectroscopy are needed to explore the 
nature of this line. 

SDSS .70148+0600 (z=5.923). SDSS J0148-b0600 is 
the brightest quasar in this sample. It was well detected 
in the SDSS single-epoch images and the UKIDSS near- 
IR images. It is likely a low-ionization BAL (LoBAL) 
quasar, and its Lya emission line has been mostly ab¬ 
sorbed. The EW listed in Table 3 is a lower limit. It does 
not have obvious emission lines other than C ii redward of 
N V in its optical spectrum, so we used C ii to determine 
the redshift. This quasar was indep endently discovered 
by S. Warren et al. (in preparation). iBecker et al.l (|2015[1 
found that it showed a very long Gunn-Peterson trough 
in a deep VLT/X-Shooter spectrum. 

SDSS J0842+1218 (z=6.055). SDSS J0842-hl218 was 
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Table 3 

Properties of Continua and Emission Lines 


Quasar (SDSS) 

Redshift 

mi450 (mag) 

Mi 450 (mag) EWLya+NV (A) 

J0008-0626 

5.929 

20.63±0.09 

-26.04±0.09 

78 

J0028-I-0457 

6.040 

20.34±0.10 

-26.38±0.10 

17 

J0148-I-0600 

5.923 

19.60±0.06 

-27.08±0.06 

> 87 

J0842-I-1218 

6.055 

19.85±0.09 

-26.85±0.09 

44 

J0850-I-3246 

5.867 

19.92±0.08 

-26.74±0.08 

10 

J1207-I-0630 

6.040 

20.10±0.11 

-26.60±0.11 

31 

J1257-I-6349 

6.02 

20.56±0.12 

-26.14±0.12 

18 

J1403-1-0902 

5.86 

20.39±0.11 

-26.27±0.11 
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discovered in 2007. Its optical spectrum was obtained 
with Keck/ESI (20 min exposure in total). It has been 
observed in the near-IR and mid-IR wavelength ranges, 
and its physical properties such as metallicit y and black 
hole mass have been we ll measured (e.g. Ijiang et al.l 
IMI IdF Rosa et ^1201111 . This quasar was initially se¬ 
lected from the SDSS single-epoch images, but also sat¬ 
isfies our overlap region selection criteria. We include 
this quasar because it is in the overlap regions and its 
optical spectrum was never published. The redshift of 
this quasar measured from the Lya line is 6.055. This 
is consistent with the redshift 6.08 me asured from its 
Mg II emission line ()De Rosa et al .11201 If ), given the large 
scatter (~ 0.03) between Lya redshifts and systemic red- 
shifts. 

SDSS J0850+3246 (z=5.867). SDSS J0850-f3246 
shows a very weak Lya emission line with an observed 
rest-frame EW about lOA. It does not show any other 
line emission in its optical spectrum in Figure 4. 

SDSS J1207+0630 (z=6.040). SDSS J1207-f0630 is a 
high-ionization BAL (HiBAL) quasar, as seen from the 
strong N V absorption line in the spectrum. It was also 
covered and detected in the near-IR by the UKIDSS. 

SDSS J1257+6349 (z=6.02). SDSS J1257-f6349 does 
not show any significant line emission in its optical spec¬ 
trum in Figure 4. Its redshift was measured from the 
sharp flux drop at the Lya line. 

SDSS J1403+0902 (z=5.860). SDSS J1403-f0902 is 
another weak line quasar, with an observed rest-frame 
Lya EW of only 8A. Its redshift was measured from the 
sharp flux drop at the Lya line. It was also covered and 
detected in the near-IR by the UKIDSS. 

4.3. Discussion 

The currently known SDSS quasars at z ~ 6 were se¬ 
lected either from single-epoch imaging data encompass¬ 
ing more than 8000 deg^ with a limiting depth of zab ~ 
20 mag, or from the Stripe 82 multi-epoch co-added im¬ 
ages over 300 deg^ that are two magnitudes deeper. The 
SDSS overlap regions provide another unique dataset 
that is in between the SDSS single-epoch data and the 
Stripe 82 data in terms of areal coverage and image d 
epth. These regions cover roughly 3700 deg^ area at 
|6| > 30°, which is nearly one third of the total SDSS 
sky coverage, and is an order of magnitude greater than 
the area of Stripe 82. We have demonstrated that the 
overlap regions can be used to efficiently select quasar 
candidates that are >0.5 mag fainter than those found 
in single-epoch images. Duplicate observations allow us 
to select fainter z ^ 6 candidates primarily because the 


initial candidate selection is largely free of spurious detec¬ 
tions. The survey limit for z ^ 6 quasars in single-epoch 
images was roughly zab = 20 mag (or lOcr detections). 
Beyond this limit, the number of spurious detections in¬ 
creases dramatically, making follow-up observations in¬ 
feasible. The multi-epoch observations in the overlap 
regions ensure that the majority of single-band (z-band) 
detections are real. 

In our first quasar search we have found eight quasars 
in the overlap regions. We also recovered several known 
quasars that are located in the overlap regions. As we 
mentioned earlier, the follow-up observations of our can¬ 
didates have not been systematic. They were usually 
observed as backup targets in other programs, when 
weather conditions were poor. Hence these quasars do 
not form a statistically complete sample. However, they 
provide guidance for a future systematic quasar survey 
over the whole overlap regions. In addition, we will use 
the WISE mid TR imaging data to improve our sel ection 
efficiency fe.g. IWu et al.l [201^ I Carnal! et al.ll2015[l . 

5. SUMMARY 

In this paper we have presented the discovery of eight 
new quasars at z ~ 6. They were found in our first 
high-redshift quasar search in the SDSS overlap regions. 
These regions were scanned twice or more by the SDSS 
imaging survey, allowing us to select quasars fainter than 
those found in SDSS single-epoch images. We have in¬ 
troduced the details of our quasar selection procedure, 
including the selection of i-band dropouts, the follow-up 
optical and near-IR imaging observations, and the final 
spectroscopic identifications. The eight quasars span a 
redshift range of 5.86 < z < 6.06. Five of them are 
fainter than zab = 20 mag, and the faintest one is 
Zab = 20.6 mag, ^0.5 mag fainter than those found from 
SDSS single-epoch images. These quasars show a diver¬ 
sity of emission line properties in their optical spectra, 
from strong emission lines to lineless features. In addi¬ 
tion, we recovered eight previously known z ^ 6 quasars 
that are also located in these overlap regions. These re¬ 
sults indicate that the SDSS overlap regions can be used 
to efficiently select high-redshift quasars. We plan to 
carry out a systematic survey of z ^ 6 quasars in the 
whole SDSS overlap regions at high galactic latitude. 
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